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TECHENICAL NOTE No. 1178

A FLIGHT INVESTIGATION OF THE THERMAL
PERFORMANCE OF AN ATR-HEATED PROPELLER

By Jokn: F. Darsow and Jemes Selna
SUMMARY

The thermal performance of an air~heated propeller, installed cn a o
tost alrplane, was evaluated by obssrvations of the ice-prevention rrop— o
erties of the propeller during flight in natursl—icing condltione and by o
the collection of thermal data on the propeller during flight in clear o
alr and in clouds at tempsratures above freezing. The test propeller B
was equippad with hollow steel blades of a standard design which were
altered to permit heated air to emnter the blade cavities at the propeller
hub and to leave the cavities at the blade tips. No provielors were
made to control the dlstribution of air flow inside the blades.

The observations in natural—icing conditions ftogsther with the ther-
mal test data indicate that 1ittle or no protection to the leading-—edge
region of the propeller blades would result during flight in severe
netural—-icing conditione. The observations in natural—icing conditions
wers limited in that only light—icing conditions wers encountered; how—
ever, in these light—icing conditione ice sccretions formed on the lead—
inig edges of the blades in the region of blade stations 30 to L4O. The o
clear sair and cloud tests showed the propeller blades to be inefficient \

heat exchangers in that more heat energy was discharged in the air flow

leaving the propsller than was dissipated through the propsller-blads
gsurfaces. The measured blade—surface tempsratures indicated that in—

adequeate heating was provided to the leading—edge . region of the pro—

peller and show the need of providiug means to 1ncrease the heat flow

through the leading-edge region of the bTades. : L

INTRODUCTION ' o

Duriné the past féw-yaafé, research has been directed to providé .
protection for aircraft propellers during flight in natural—icing . .
conditions by the application of heat to the propeller blaedes. Omse
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measns of applying heat has besn through the use of electrically heated,
rubber blade shoes placed over the leading edges of the propeller blades
(reference 1). These shoes, however, in theilr present state ¢f develop—
ment have some effect {although small) on the asrodynamic performence of
the propeller, require frequent servicing, and require the availability
of a sultable electrical pcwer supply. In_an attempt to provide a more
simple system, and make use of the heat content—of the alrplans engirne
exhaust gases, one of the well known propeller manufacturers constructed
an air-heated propeller. This propeller wes equipped with hollow steel
blades of a standard design. It had provisiones for inducting heated air
into the blade cavities at the propeller hub and of dimsposing of it
through discharge nozzleg located at the blade tips. No provisions were
meds for controlling the distribution of the heated air in the blads
interiors.

The purpose of the present investigation was to evaluate the thermsl]
performance of this air—-heated propeller. The investigation consisted
of flighv teste in natural—icing conditions during which the ice-protec—
tion properties of the propeller were observed and flight tests in clear
alr and in clouds at temperatures above freezing during which thermal
data on the propeller were obtained. '

The investigation was conducted by the Ames Aeronautical Laboratory
of the National Advisory Ccmmittee for Asronautics. The flights in
natural—-icing conditions were conducted from the Army Alr Forces Ice Re—
search Base, Minneapolis, Minn., during the winter 1944-L45; and the re—
mainder of the teets wers conducted at-the Ames Asronsutical Laboratory,
Moffett Field, Calif., in the summer of 1945.

DESCRIPTION CF EQUIPMENT

The test propeller, a four-blade, lh-foot-diameter, air-heated pro—
peller was installed on the left engine of & test alrplane, A similar
installation, which wae provided on the right engine for sudbsequent tests,
is skown in figure 1. The operation of the propeller heating system 1s
shown in figures 2 and 3., Ram alr, heated by an exhsust-gas—alr heat—
exchanger inetallation (described in reference 2) was ducted to the
stationary part of the propeller air manifold. The heated air was then
tranemitted to the rotating part of the propeller air manifold, admitted
to the blade cavity through holes in the btlads shenks, and discharged
through nozzles located at the blade tips, The air particles in the _
blade are subJect to radial accelerations, due to the rotation of the pro-—
reller, which results in a pumping acticn. This pumping sction together
with the ram pressure at the heat exchanger induced the alr flow
through the system, In order to reduce the air leakage between the
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stationary and rotating parte of the propeller alr manifold, and be—
tween the blade shanks and the rotating part of the propeller air mani-
fold, carbon seals were provided as shown in figure 3. The epproiimate
propellsr—blade sections and & sketch of the propeller-tip discharge
nozzles are given in figures L and 5, respectively. As employed hersin,
the term "station" denotes the radial distance from the center of rota-
tion in inches. (See fig. 4.) .

Instrimentation was provided ‘o measure the ambient-air temperature
the rate of air flow to the propeller, the temperature of the heated air
entering end lsaving the propeller, and various blade-surface tempera—
tures. The location and designation of this instrumentation i1s given in
figure 6. The thermocouples installed on the propeller blade surface
were surface type thermocouples having a thickness of .00l inch. They
were installed on the propeller blade between two coats of paint.

The instrumented propellsr blaede and the thermocouple leads at the
blade ehenk are shown in figure 7. A mercury—in-glass thermometer lo-—
cated on the side of the airplane was used to check the ambient—air
temperature indicated by the embient~air thermocouple (TAg3) shown in
figure 6. The elsctrical circuit by means of which the temperaturs
indications of the thermocouples located on the rotating part of the pro—
peller installation were conveyed to the temperature recordlng equip—
ment is shown diegrammatically in figure 8. The leads of these thermo-
couplesa were attached to a selector switch as shown in the ¢ircuit dia--
gram of figure 8. The selector switch was lccated on the noss of the
propeller spinner (fig. &), end it was of special design and operated
gimiler to a standard recording potentiometer stepping switch. Copper
leads were used to extend the thermocouple circuit from the selector
switch to the slip rings and from the slip rings to the recording potenr
tiometer. The portable potentiometer was placed in the circuit to com—
pensate for any potentials generated In the circuit other than those
produced by the thermccouples, and it was employed as follows: (1) The
selector switch shown in figure 8 was actuated to provide a reading of
the ambient-air temperature TAg3 on the recording potentiometer and
(2) the portable potenticmeter was then adjusted to meke this reading of
TAg3 on the recording potentiometer egquivalent to the terperature

indicated by the mercury-in-glass thermometer located on the side of the
airplane. Thus all potentials in the circuit, other than tke thermo—
couple potential, were nullified and all the thermocouples located on the
rotating part of the propeller installation could be recorded by permlt—
ting the recording potentiometer to actuate the selector switch.

The thermocouple installations on the rotating portion of the pro—
Peller assembly were not available for the natural-icing flights. In the
case of these flights, therefore, the instrumentation proyvided only
data on the quantity and temperature of heated alr supplied to the pro—
peller. e
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A standerd alrplane tachameter and seneitive altimeter wers
employed to measure the engine spesed and test altitude, respectivsly.

TESTS — - -~

For the flights in natural—-icing conditicne, the airplane was
operated at the cruise conditions of 950 to 1000 propeller rpm (1500 to
£000 engine rpm) and indicated airspeeds of 150 to 160 milee pexr hour,
During these toste measursments were made of the temperature and the
rate of air flow delivered to the propeller. At all times the Ilow
rate to the propeller was the maximum obtainable for the operating con-
ditions. Visual and photographic obgervations were made of the ice-—
protection gualities of the prapeliler.

At the cloame of the pericd during which natural-icing conditions
prevailed, the instrumentetion on the rotating part of the propeller
installation was installed and flight tests were underisken in clear
alr and in clouds above fresaing to obtain thermal data on the pro-—
pcliler. The tests were conducted at 2700 to 3900 feet pressure alti--
tide, 160 milss per hour indicated airspeed, 950 propeller rpm, with a
maximum rate of air flow to the propeller. These test conditlone were
established as being ccmparable to the operating conditiong during the
icing flights, .

Measurements of the instrumented blade surface and tip alr temper—
atures, as well as measurements of the heated-~air-flow rates and the
temperature of the air entsring the propeller were recorded for these
testas., One test run was made with the heated-air supply duct discen—
nected from the heat exchanger, and the—propeller pumping free—stream
air, in order to obtein an indication of—the propeller-blede surface-
temperature rises caused by adiabatic and friction heating resulting
from the external and internal air flows.

RESULTS AND DISCUSSION

The cbservations made during flight in natural~icing conditions are
presented in table I. These observations were limited in that only
light~icing conditions were encountered. Light—icing conditicns are de--
fined as those in which an unprotected airplens could sustaln flight
almcst Indefinitely. These results show, however, that even in these
light—icing conditions, ice accumulated on the leading edge of the pro—
peller blades in the region of stations 30 to 40 as shown in figure G.

No ice formetion on the blades aft of the leading»edge regions was ob—
served during the tessets.
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Trhe results of ths thermal tests conducted in ¢lear ailr and clrude
(above 32° F) are presented in tebles IT and ITI. The ambient—air
temperatures and the propeller—tip air temperatures given in tests 3, L,
5, and 7 of table II have been corrected for the effects cf kinetic heat-
ing by the relationship

T=Ti--§-'f-—-- - | N ¢
2g 7 cp S

where -
T corrected alr temperaturs, Op | e
T4 indicated air temperature, O ) . .j__f
v velocity of air, fest psr second
g acceleration due to gravity, feet per second, second
J mechanicel equivalent of heat, 7?8 foeﬁ—peunds-per Bﬁu ) O
Cp gpecific heat cf air at constant pressure,.Btu per pound, Op
X percentage of full adiabetic heating o |

The valusg of propeller—tip air tempersturse TAS2 given for the
test conducted with unheated--air flow to the propeller (test No. &) has
not been corrected for the effects of kinetic heating since no air-flow—
rate data were obtained for this test. In correcting the ambient-air
temperaturs for the cloud test (test No. T) the value of specific heat
for wet air (refersnce 3) under the test conditions was employed. In
correcting the propeller—tip air temperature TAg2, an average velocity
in the blade cavity at the station where TAg2 was located was employed.
The value of K for all calculations was taken as 0.9, this value having
been praviously estgblished for the mercury—in—gless thermometer en the
side of the airplane and considered applicable to the stagna.‘bion——-tyye-—air'
thermocouples used To measure temperatures TAg? and TAS3

The value of air-flow rate given in teble III is an average value
of several measurements at the test conditions. The individusl values
did not differ from the value presented by more thanx 30 pounds per hour.
The actual air-flow rate through each propeller blade probably differs
from the values presented dus tc cold air leaskage into tha hegted airflow
at the carbon seals, (fir. 3). This leakage, however, is presumed to be ‘
small. -
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The heat exchange efficiency of tkre .instrumented blade has been
apprecximated in table IIX. The values celculated are based on the tem—
perature of the air entering the propeller manifold since no measurement
was made of the temperature of the air entering the blade cavity. The
calculations also neglected consideration of the kinetic energy imparted
by the propeller to the internal alrflow which converts to heat. The
values calculated, however, are considered sufficlently asccurate to show
that the propeller blade was an jnefficlent heat exchuugsr. These calcula—
tlcns indicate that less than half of the heat content of the air deliv-
ered to the propeller was removed by the propeller.

It 1s noted in table II that the propeller-tip air temperature for
the test conducted with unheatsd—air flow te-the propeller (test No. 6)
is indicated to be 40° P higher than the tmmperature measured in the pro-
peller manifold., As previously mentioned, the tip air temperature for
thig test has not been corrected for the effects of kinetlc heating, and
alpo, the kinetic energy which goes into heat in the internal flow 1s of

unkncwn magnitude. '

The blede-surface temperatures of table II have been plotted as
temperature distributions in figure 10. The temperaturs distribution
(above embient—air tempersturse) obtained during the dry-eir tests with
heated -air £low to the propeller is shown in figure 10(a). The scatter
of the datg for the several tests plotted 1s accountable to slightly
different test conditions and to lnaccuracies of measurement. The btem—
perature rises above ambient—alr temperature given in this fifure are
only vartially & result of the heat dissipated through the propellexr—
blade surfaces, the balance being due to external kinetic heating of the
propeller blads. In figure 10(b), tke mean curve of figure 1U(z) 19 com-
pared with the data obtained during the dry-air test with (fres-—str:aam)
unheated—alr flow to the propeller., The tenperaturs rises for tie ua—
heated airflcw are approximately those due %o external kinstic lhealing
of the blade. The curve drawn through the leading edge points wae cal—
culated by the relationship '

ve S (2)
2g Jcp ' S

AT =

whore AT 1is the thsoretical temperaturfe rise due to external kinetic
heating. The temperaturs difference betwesn thess two curves may be
attributed to the heat dissipated through the propeller-blade surfaces.
It i1s indicated by figure 10(b) that the temperature rise of the bladg
leading edges dus to the heated—air flow varies approximately fram 60 F
at station 15 to 10° F at and beyond station 40. The chordwise tempera—
ture rige at station 36 due to heated—alr flow is shown in this figure
tovary from 15% F at the leading edge to about 50° F at 50 percent chord.
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The higher leading-edge btemperatures at the staticns nearer the pro-
peller hub are probably a result of (1) the conduction of heat along ths
blede from the propeller menifold, (2) a reduction in heat trensfer due
to the low velocity field ahesd of the engine cowling and, (3) higher
temperatures of the internal airflow near the hub.

The chordwise temperature distributicn is probsbly due to three
factors: (1) the ccncentration of the heated-eir flow along the trail—
ing edges of the blade cavity caused by the Coriolis forces, (2) the
existence of the largest external heat—transfer ccefficlents at the
blade leading edge, and (3) the fact that the blade material is thickest
(lowest thermal conductivity) at the leading edge. The resulis show the
necessity of providing meens to increase the heat flow to the leading-
edge regicpm of the blades. This could be accomplished by the addition -
of a radial baffle within the blade to restrict the heated—aly flow to
the leading—edge region of the blade cavity. A second, but more major
modification, would be to reduce the material thickness at the lsading
edge of the bladse.

In figyre 10(c) the mean curve of figure 10(a) is compared with the
data obtained during flight in clouds. In this plot, the cloud data
have been plotted as actusl temperatures and the curve of figure 10(a)
has been placed with respect to the ambient-air temperature of the cloud
teat. This method of plotting was used because the factors of wet—air 7
kinetic heating of the blade surfaces and evaporization of water from
the blade surfaces are dependent on the actual surface, tempsraturss of
the blade, A detalled discussicn of these factors is presented for a
wing surface in reference 4., The data obtained in the clouds provided
no temperature date beyond blade station 57. Also included in this
flgure is a plot of the theoretical leading edge temperatures due to
kinetic heating based on equation 2 using wet air values of cp. This
Tigure shows that the temperature riss of the blade dus to air hesting
diminished to practically zero at station 57. Thea lsading edge temmer—
ature rises abOVe gmblent air temperature shown in this figure are very
low (less than 10° P from station 35 to 57). Thie accounts for the fact
that ice was observed to form on the leading edge regions of the propel—
ler blades during flight in light natural icing conditions.

Application of the analysis of reference 4 to the present tests in—
icates that the blade—surface temperature rises sbove ambient—alr ‘temper—
ature during the flights in light—icing conditions were probably greater i
than those experienced during the flight in clouds because the lower
ambient temperature in the former tests would result in increased kinet—
ic heating (lower cp) and a reduction in evaporative cooling.

The test data indicate that the temperature rise of the leading
edges of the propeller blaedes could be expected to provide only limited
ice prevention in light-natural—-icing conditions and therefore it may be
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concluded that little or no protection would be provided to the 1eading—
edge regione of the blades In severe icing conditions.

CONCLUSIONS

The results of the thermal performance tests of en sir-heated
propeller indicate the following:

1. The air-heated-propellsr installstion tested would offer 1Little
or no protection to the leading-edge regioms aof the propellar dur¢ng
Flight in severe natural—icing conditions.

2. The surface—temperature distribubtion is undesirable, and. -means
should be provided to concentrate the heat in the leading—edge regions
of the blades.

Ames Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., Sept. 1946,
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TABLE I,- OBSERVATIONS OF AIR-HEATED PROPELLER
DURING FLIGHT IN LIGHT-ICING CONDITIONS

(1) | Test number 1 o

(2) Pregsure
al?it%de 1000 4000
f{

Ambient-air
(3) tem%g§?ture 13.5 17

Propeller
(%) sﬁ%ga ° 950 1000
rpm)

Indicated -

(5) | airepeed 1
Cmbh) 160 60

. Temperature of
2 air entering
(6) propeller, 350 310
. TAL(OF)

Alr-flow rate

(7) %izdgropeller 350 350

Heat supplied
(&) per blade

(Btuﬁhr) 28,000 29,300

(0.2%) €7) (6-3) -
Ice accumulated Ice accumulated
on leading edge on leading edge

(9} Remarks of blades in of blades in
region of blade reglon of blade

stations 30 to 40.| etations 30 to LO,
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TABLE II.- TEMPERATURE DATA OBTAINED DURING FLIGHT TESTS
OF AN AIR-HEATED PROPELLER IN CLEAR AIR AND CLOUDS

Test numberﬂf 3 . 4 5 6 7
Clear air, | Clear air,| Clear air, |Clsar air,|Clouds,
hegted- heated- heated- ambient- }heated-

Test air flow | air flow | air flow |air flow |air flow
condition || to pro- to pro- to pro- to pro- to pro-
‘qpeller peller peller peller peller
Pressure
al’z%%:’lde 3600 3900 3000 3900 2700
1A?bi%nt—
rr tem-
geram{ﬁe 67 k2 56 61 45
As3, (OF) _
Propeller
speed 950 950 950 950 950
(rpm) :
Indicated o & & )
aﬁﬁf%ﬁfd 1 1 1 160 160

@3 | TAL 350 360 360 66 330

Y [

o L0

s & | TAg2 252 222 289 106 217

2 5 -

42

TS1 — ——e —— —— ———
TS2 116 92 99 gl —

° TSk 106 79 g2 85 !

©. [I85 86 TH E: {9 3

oo L7856 53 66 5 78 61

CE TS% 106 3L b yie) 59

we | TS 122 91 97 78 %
bl [ TB9 158 128 12% 70
S &2 (Ts10 116 112 102 71 78
28 TSIl 123 111 11 66 {2
Q2 ISle 108 59 ] {2 of
£ [T81i3 || 102 73 ri3 ¥
e s Z7 Ve 72 T ol
TS15 106 28 92 67 66
TSL15 112 96 96 67 g
TSLT 113 TOD 95 ()

1A11 values of TAg3 and valuee of TAg2 for tests 3, ¥, 5, and

7 corrected for kinetic heating.
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OBTAINED DURING FLIGHT TESTS OF AN AIR-HEATED
PROPELLER IN CLEAR AIR AND CLOUDS

1l

TABLE III.- HEATED-AIR-FLOW RATES AND HEAT-FLOW DATA

(1)

Test number

(2)

Average air-

flow rate

per propeller
bilade
(1b/nr)

350

350

350

350

(3)

*Temperature
of air entering
propeller

(OF)

283

318

304

285

(4)

iTemperature

of air dis-

charged from
blade
(oF)

185

180

172

172

(5)

Heat supplied
to blade
(Btu/hr)
(0.24)(2)(3)

23,700

26,700

25,500

24,000

(6)

Heat dis-
charged at
blade tip
(Btu/hr)
(0.24)(2) (&)

15,500

15,100

14,500

14,400

(7)

Heat released

by air in blade

(Btu/hr)
(5)-(6)

8,200

11,600

11,000

9,600

(8)

Blade heat-
exchange
efficiency
(percent)

(7)/(5) x 100

35

39

3

40

1Above ambient-air temperaturs.
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— o L.

Figure l.- Air-heated propeller installed on the right engine
of the test airplane.
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(b) Thermocouple leads at blade shank.

Pigure 7.- View of air-heated propeller blade after
instrumentation.
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Figure 9.~ Ice accretion on leading edge of alr-heated pro-
peller after flight in light-lcing conditions.
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